Introduction {#sec1}
============

It is well known that many aminocatalytic reactions^[@ref1]^ do not progress at all or require several days for completion---we will call this the first general issue---while others afford random stereoselectivities, depending strongly on features of the substrate and catalyst---the second general issue. Long series of trials are very often carried out to find appropriate catalysts and conditions. Hundreds of Michael-like reactions, catalyzed by proline, prolinol, or pyrrolidine derivatives, between enolizable carbonyl compounds and activated double bonds have thus been reported, mostly with (*E*)-PhCH=CHNO~2~, β-nitrostyrene, as the acceptor.^[@ref1]^ Indeed, the reaction of cyclohexanone with β-nitrostyrene has become the reference test for the performance of any new catalyst that is reported, i.e., it is the paradigm of the so-called nitro-Michael reaction.

Despite the fact that formation of cyclobutane derivatives from enamines and electron-withdrawing group (EWG)-substituted alkenes has been reported since the 1960s (for representative instances see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}),^[@ref2]^ most papers seldom mention the role or involvement of cyclobutanes as intermediates. The more recent works of the groups of Seebach, Hayashi, Blackmond, Pihko, and Papai are the exception.^[@ref3]^ Our eclectic view of their mechanistic proposals, for a large substituent at pyrrolidine C2, is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Whereas Seebach, Hayashi, and co-workers^[@cit3a]^ proposed that nitrocyclobutanes are off-cycle intermediates and may be considered "resting states" of the catalyst, Burés et al.^[@cit3c],[@cit3f]^ indicated that the stereochemical outcome can be determined by these "downstream intermediates" (nitrocyclobutanes), which may either enhance or reduce the selectivity established in the initial steps. Földes et al.^[@cit3g]^ concluded that the stereoselectivity can be controlled at the first step even though the reaction rates may be dictated by the protonation steps of the intermediates.

![Examples of cyclobutanes resulting from enamines and EWG-activated double bonds. Brackets indicate that the cyclobutane intermediate was proposed but not detected.](ao9b02074_0001){#fig1}

![Main chemical entities involved in the reactions between aldehydes and nitroalkenes catalyzed by chiral secondary amines. The substituent on the pyrrolidine ring is usually CPh~2~OTMS \[the Jørgensen--Hayashi (JH) catalyst\].](ao9b02074_0002){#fig2}

The starting enamine is formed by the reaction of the aldehyde with a secondary amine (such as the Jørgensen--Hayashi catalyst, henceforward JH),^[@ref1]^ as in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The first reaction intermediate, the hemiaminal (*N*,*O*-acetal), which in polar solvents may be in equilibrium with its ionic counterpart, an iminium hydroxide, is rarely depicted. The enamine reacts with an (*E*)*-*nitroalkene. Although single arrows are used in much of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} for the sake of simplicity, we should stress that most steps if not all are equilibria. Intermediates such as zwitterions **zw**, cyclobutanes **cb** (formal 2 + 2-cycloadducts), dihydrooxazine-*N*-oxides (2 + 4-cycloadducts, **dh**),^[@ref4]^ and adduct enamines **en** (that is, the enamines of the final Michael products) have been proposed or detected.^[@ref3]^ Seebach et al. have characterized up to 17 cyclobutanes of the **cb** type, all from the JH catalyst or related diphenylprolinols.^[@cit3d]^ They were even able, for R′ = ^*t*^Bu, to obtain crystals that were good and stable enough for X-ray analysis. Two of those nitrocyclobutanes, that from propanal and β-nitrostyrene and that from 2-methylpropanal and β-nitrostyrene, were studied by NMR by Burés et al.;^[@cit3e]^ they also examined the conversion of the first into its (*E*)-enamine (see **en** in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The equilibrium between adduct enamines (*Z*)-**en** and (*E*)-**en**, where these last isomers usually predominate, is not detailed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Seebach et al. have reported^[@cit3d]^ up to 12 enamines \[(*E*)-**en**, JH type\].

The relative thermodynamic and/or kinetic stability of these intermediates may explain the poor conversion percentages or disappointingly low rates often observed in several catalytic nitro-Michael reactions. Common sense suggests that, in the last steps of the process, if the secondary amine is not rapidly released by hydrolysis, the reaction stops. It may work if stoichiometric amounts of the starting secondary amine are used but not under catalytic conditions. We will not deal in depth with the dihydrooxazine-*N*-oxide intermediates (**dh** in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) for two main reasons: they have been clearly analyzed^[@cit2g],[@cit3d],[@ref4]^ and they only predominate in the equilibrium mixtures when the nitroalkene is α-substituted and/or in very polar solvents. Here, we will focus our attention on nitrocyclobutane intermediates (**cb**) and 4-nitroenamine intermediates (**en**). We may well ask what factors make some **cb** particularly stable to ring opening or to hydrolysis. The answer will help solve the first general issue mentioned above.

If species **zw** and **im**^**+**^A**^--^** are not rapidly hydrolyzed, if equilibria with (*Z*)-**en** and (*E*)-**en** are quickly established, in which case the C2 stereocenter may partially epimerize, and if the protonation of these enamines is not very stereoselective (by the rear face), the so-called syn adducts of the 4-nitrobutanals (R and R′ syn) in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} may be contaminated with variable amounts of the corresponding anti adducts. In other words, the diastereomeric ratio (dr) may be reduced. To avoid this is key to solving the second issue mentioned above. In passing, we should recall that each nitro-Michael adduct, by rotation around single bonds, may exist as 3*^n^* conformations. The huge number of conformers of close energy that can be present in many aminocatalytic reactions were remarked by us^[@ref5]^ and by Seebach, Reiher, and co-workers.^[@ref6]^

In this context, this work is an acknowledgement of the contributions of the authors mentioned so far,^[@ref1]−[@ref4]^ but we planned to go even further. We wish to account for the cases in which the stoichiometric reactions are feasible but do not work under catalytic conditions, as well as for the differences in the stereochemical outcome using aldehydes and ketones as Michael donors. Thus, we aim to answer question (a) and to find an explanation for points (b)--(d):(a)Can cyclobutanes be formed in all reactions between enamines and polarized C--C double bonds?(b)When reacting with β-nitrostyrene in the presence of appropriate secondary amines, aldehydes afford syn adducts (usually 2R,3S) in excellent yields and stereoselectivities, whereas ketones afford the other syn adducts (usually 2S,3R),^[@ref1],[@ref7]−[@ref10]^ with exceptions in special cases;^[@ref11]^ this is known since the pioneering works on this Michael reaction.^[@ref8]^ However, poor results are obtained with (*S*)-proline, often with disappointing enantiomeric ratios (er's), as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, eqs 1 and 2. The possible stereodirecting role of the COOH in these nitro-Michael reactions has therefore been questioned;^[@ref9]^ nevertheless, the corresponding nitronate ions and nitronate-containing intermediates may strongly interact with acidic protons (of thioureas, for example) or with Lewis acids.(c)α-Branched aldehydes such as isobutyraldehyde, plus β-nitrostyrene, give poor yields (in relation to non-α-branched aldehydes)^[@ref1]^ with the JH catalyst.^[@cit3c],[@cit3f]^ Recourse to special catalysts is necessary for partial improvement ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, eq 3).^[@ref12]^ Excellent enantiomeric excess (ee)% values were only reported by using pyrrolidine--thiourea catalysts.^[@cit12h]−[@cit12k]^(d)The non-α-branched aliphatic nitroalkenes investigated to date afford lower stereoselectivities than aromatic nitroalkenes (β-nitrostyrene and congeners) and α-branched nitroalkenes.^[@ref1]^We too, several years ago, were faced with the two above-mentioned general issues when attempting to develop new prolinol derivatives^[@ref13]^ related to that of Peng et al. (catalyst **A**).^[@ref14]^ We hoped that some of the catalysts (**B**--**I**, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) might be applied to both aldehydes and ketones, as well as to aliphatic nitroalkenes (not only to β-nitrostyrene and its derivatives), and would therefore enjoy a wider use in total synthesis. Many of them gave excellent results with cyclohexanone and β-nitrostyrene (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf), SI). However, with an aldehyde such as 3-phenylpropanal and β-nitrostyrene, they afforded disappointing syn/anti diastereomeric ratios (ca. 65:35) and enantiomeric ratios (38--70% ee).^[@ref13]^ Since the reactions were rapid, we assumed that the aldehyde enamines were readily formed and the Michael additions were also feasible and exergonic, but since the stereoselectivities were poor, we thought that the steric effects of the silylated substituents were not enough to distinguish one face of the enamine group from another. Apparently, there was no solution: with pyrrolidines containing sterically crowded substituents (such as the popular JH catalyst), the aldehydes afforded nitro-Michael adducts with excellent stereoselectivities but ketones did not react (enamines were formed in trace amounts^[@ref5]^); with less crowded pyrrolidines **A**--**I**, ketones worked well, but aldehydes produced mixtures of stereoisomers.With cyclohexanone and β-nitrostyrene, the best results were obtained with **D** and **E** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, eq 1), which turned out to be slightly better than **A** (100% conversions in few hours, with \>90% syn and \>90% ee values). **B** and **F** were worse than **D**/**E**/**A** (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)).More surprising was the fact that other nitro-Michael reactions did not progress under catalytic conditions (for examples, see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, eqs 2 and 3). These disappointing results cannot be related to very different equilibrium constants for the formation of the initial enamines among the **A**--**I** series, since we had determined by ^1^H NMR spectroscopy that they were of the same order, but to a halt in the process during later steps.Thus, we would like to address some further issues concerning nitro-Michael reactions to explain:(e)Why aldehydes (in contrast to cyclohexanone) give nitro-Michael adducts with low stereoselectivities by using chiral pyrrolidines **A--I**.(f)Why the nitro-Michael reactions of cyclopentanone and 2,2-dimethyl-1,3-dioxan-4-one did not progress under catalytic conditions. For completion within 24 h, substoichiometric amounts (\>40 mol %) of our best catalysts (**D** or **E**) were required for the cyclopentanone case and stoichiometric amounts for the above-mentioned dioxanone. This is in sharp contrast with the reactivity of cyclohexanone, 4-thiacyclohexanone, 4-oxacyclohexanone, and 4,4-dimethylcyclohexanone, which only needed 20 mol % catalyst and few hours of reaction for a complete conversion, with excellent syn/anti ratios and excellent ee%. In fact, cyclohexanone is the best among the commercially available ketones tested by us, as far as the stereoselectivity of these aminocatalytic reactions is concerned.

![Representative examples of bizarre results concerning catalytic nitro-Michael reactions.](ao9b02074_0003){#fig3}

![Silylated prolinediols (**B--I**) examined and compared to the JH catalyst and Peng's catalyst (**A**).](ao9b02074_0004){#fig4}

![Catalysts of choice (among those of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) for the paradigmatic nitro-Michael reaction (eq 1) and bizarre results for similar nitro-Michael reactions (eqs 2 and 3).](ao9b02074_0005){#fig5}

To understand these experimental results (points a--f), we followed by ^1^H NMR spectroscopy^[@ref3],[@ref15]^ the progress of the reactions using higher than catalytic amounts of the secondary amines. The nitrocyclobutanes formerly reported^[@cit3a]−[@cit3d]^ had been described with the JH catalyst or closely related pyrrolidine derivatives, in deuterated benzene^[@ref3]^ (C~6~D~6~). Thus, we were interested in elucidating first whether nitrocyclobutanes can be generated with other catalysts and in other solvents or not.

Results and Discussion {#sec2}
======================

Preparation of the Starting Enamines {#sec2.1}
------------------------------------

Under catalytic conditions, the concentration of the starting enamines is often very low, since their formation equilibria are not shifted to the right in most solvents^[@ref5]^ and/or they rapidly react with the nitroalkene; it is then difficult to detect the changes by ^1^H NMR spectroscopy, although small doublets of doublets or triplets characteristic of the all*-trans*-nitrocyclobutylpyrrolidine derivatives are often detected.^[@cit3a]^ Under stoichiometric conditions, the complex mixtures of several intermediates (those shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and final products, together with remaining starting materials, prevent to reliably follow the reaction progress, although several hours later the final aldehydes predominate. To increase the chances of detecting all of the main intermediates, when they have shorter half-lives than those derived from the JH catalyst^[@cit3a]−[@cit3d]^ and/or when operating with solvents more polar than C~6~D~6~ or toluene-*d*~8~, we increased as much as possible the concentration of the starting enamine in situ. We proceeded as follows: (a) the simple aldehydes were treated at room temperature (rt) with equivalent amounts of pyrrolidine, (*S*)-proline, or derivatives, in different solvents, in the presence of a crushed 3 Å molecular sieve (MS); (b) except for the experiments with proline, powdered CaH~2~ was then added in portions and stirring was maintained until no more hydrogen bubbles were observed; (c) after filtering, the ^1^H NMR spectra (adding a drop of C~6~D~6~ or two drops of CDCl~3~ when nondeuterated solvents were used) were registered, indicating that the initial enamines were now formed in appreciable amounts (\<1 h, overall); (d) nearly equivalent amounts of β-nitrostyrene or of (*E*)-3-methyl-1-nitrobutene were slowly added, and the spectra were registered. This protocol did not ensure a completely anhydrous medium during the process (since the absolute formation of the starting enamines from the precursors in different solvents is impossible under these conditions), but the main intermediates were easily observed by NMR. With proline, as known,^[@ref1]^ the major tautomers in the equilibria are the corresponding oxazolidinones, but the reactions progressed despite the low concentrations of the starting enamines present in the medium.

Generality of the Formation of Nitrocyclobutanes {#sec2.2}
------------------------------------------------

The ^1^H, ^13^C, and two-dimensional \[heteronuclear single-quantum correlation (HSQC), correlated spectroscopy (COSY), nuclear Overhauser enhancement spectroscopy (NOESY)\] NMR spectra, which are given as [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf), clearly showed that on mixing the enamines and nitroalkenes just mentioned, all-trans isomers of nitrocyclobutylpyrrolidine derivatives **1**--**15** (**1-cb**--**15-cb**, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) appeared first and became the major compounds. The first six compounds in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} are racemic, and the remaining nine compounds are enantiopure. The first 13 are reported here for the first time. Coupling constants (^3^*J*~HH~ = 7--9 Hz) indicate that all of the cyclobutane methine hydrogens are in a trans arrangement and appear as characteristic doublets of doublets or as triplets. Thus, the substituents are trans to one another (hence the trivial, nonsystematic name of all-*trans*-cyclobutanes). Chemical shifts (δH and δC) agree with those reported by Seebach, Hayashi, et al.^[@cit3a],[@cit3d]^ for the known compounds **14-cb** and **15-cb.** What matters here is that in all cases nitrocyclobutanes were the predominant species in the reaction mixtures. Thus, in any solvent, with any secondary amine, a formal \[2 + 2\] cycloaddition always takes place, via a special stepwise mechanism, with retention of the relative trans configuration of both double bonds.

![Nitrocyclobutanes characterized by NMR spectroscopy in the present work, starting from the corresponding enamines, previously prepared. The ^1^H chemical shifts for the cyclobutane protons of structures **3-cb** and **4-cb** are those noted in the first of the solvents indicated.](ao9b02074_0006){#fig6}

Some nitrocyclobutanes isomerized slowly to a mixture of enamines, where the *E* adduct predominated.^[@cit3b]^ For example, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows how a sample of the racemic compound **1-cb** in C~6~D~6~, which we had prepared and stored at ca. 5 °C, spontaneously isomerized when the NMR tube was introduced into the spectrometer, at ca. 25 °C, to (*Z*)-**1-en** (minor) and (*E*)-**1-en** (major): the signal at δ 4.74 (dd, *J* = 8.3 and 7.1 Hz) disappeared, whereas broad singlets in a 1:9 final ratio appeared at δ 5.55 and 5.82 (CH olefinic proton by HSQC, δC at 137.6). The configurations were confirmed by NOESY.

![Spontaneous conversion, in C~6~D~6~ at 25 °C, of nitrocyclobutane **1-cb** into adduct enamines, **1-en**, in the absence of water. Relative percentages as obtained from the integration of the proton signals in the ^1^H NMR spectra.](ao9b02074_0007){#fig7}

Nitrocyclobutane **2-cb** was also transformed to adduct or final enamines \[mainly (*E*)-**2-en**\] at the usual temperature of the NMR probe. We interpreted these ring-opening isomerizations in the simplest way (principle of least motion), as depicted in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Calculations will be commented on below. We should indicate that in parallel reactions carried out in the more polar solvent dimethyl sulfoxide (DMSO)-*d*~6~, we did not detect cyclobutanes **1-cb** and **2-cb**, but the corresponding final enamines; slowly, due to the moisture, the expected adducts (final aldehydes) appeared.

![Within a few hours at rt, **2-cb** underwent a ring-opening reaction to afford a 1:9 *Z*/*E* final mixture of its isomeric enamines; the plausible mechanism.](ao9b02074_0008){#fig8}

Other nitrocyclobutanes were more stable than **1-cb** and **2-cb** and could be characterized in DMSO-*d*~6~ at rt, such as **3-cb** to **8-cb**. With **3** and **4**, we used several solvents, with identical success. The solutions in nonpolar solvents could even be carefully evaporated under vacuum, and the oily residue dissolved in anhydrous DMSO-*d*~6~ without the appearance of new NMR signals due to ring opening and/or hydrolysis. In the presence of an equimolar amount of PhCOOH, nitrocyclobutanes **1-cb**, **2-cb**, and **3-cb** were also immediately formed. The difference was that, at rt, **1-cb** and **2-cb** isomerized to their enamines more rapidly than in the absence of PhCOOH; cyclobutane **3-cb** survived for hours.

To summarize, with **1-cb** and **2-cb**, we were unable to detect nitrocyclobutanes in wet solvents. With substrates less susceptible to hydrolysis, under substoichiometric conditions, in the presence or not of PhCOOH, we had observed by NMR that some or part of the intermediate species immediately disappeared to afford the final aldehyde, while the major part were nitrocyclobutanes that disappeared quite slowly.

Some authors^[@cit3c]^ attributed the relatively high stability of 2,2-dimethyl-4-nitrocyclobutyl derivatives from 2-methylpropanal, the JH catalyst, and β-nitrostyrene (see **4-cb** but with CPh~2~OTMS at the pyrrolidine ring) to the lack of proton H2 in such a *gem*-dimethyl derivative, since no enamine can be formed by prototropy from C2 to C4. This is absolutely true, but in our hands 2,2-dimethylcyclobutanes **4-cb** and **6-cb** did not survive purification by chromatography on silica gel, either with CH~2~Cl~2~--hexane or EtOAc--hexane as the eluents. We only recovered from the column the final aldehyde (nitro-Michael adduct). These *gem*-dimethyl cyclobutanes could have been purified on other more anhydrous supports, but it was beyond the two objectives of the present work. What matters here is that *gem*-dimethylcyclobutylpyrrolidine derivatives are also hydrolyzable, probably via the zwitterions ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) or via iminium salts (see below).

When (*S*)-proline was used instead of pyrrolidine in the reaction between 3-methylbutanal and β-nitrostyrene, a mixture of two diastereomeric nitrocyclobutanes was obtained (**7-cb** + **8-cb**, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) in a 55:45 ratio. Treatment of this mixture with PhCOOH/D~2~O afforded the final aldehyde with a poor er (as expected, see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). With methyl (*S*)-prolinate, the same substrates also afforded a mixture of two nitrocyclobutanes (**9-cb** + **10-cb**).

When the substituents on the pyrrolidine ring were larger, one nitrocyclobutane stereoisomer (**11-cb**, **12-cb**, and **13-cb**) was predominant but the other was still detected; after hydrolysis, these samples gave the corresponding final aldehydes with good, but not excellent, er values. Only in the last two examples (**14-cb** and **15-cb**, from the JH catalyst) we observed a single stereoisomer, as reported.^[@cit3d]^ The five nitrocyclobutanes just mentioned were more stable with respect to ring opening and hydrolysis than the previous members of our series. In general, we noted that the larger the substituents of the cyclobutane ring, the more resistant the reaction intermediates to ring opening and hydrolysis, for a given solvent.

In short, cyclobutanes are always observed monitoring by ^1^H NMR the reaction of any aldehyde enamines and nitroalkenes, in several solvents. They are the predominant species. In general, they disappear (a) when the temperature rises; (b) in the presence of dissolved water (in polar solvents) or presumably if there is water solvating the polar intermediates (in apolar solvents); and (c) in the presence of appropriate organic acids (HA) and moisture.

General Relevance of the All*-trans*-cyclobutane Arrangement {#sec2.3}
------------------------------------------------------------

According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"},^[@ref1],[@ref3]^ it is probable that the dr (syn/anti ratio) of the final adduct is controlled by the relative thermodynamic stability of (and kinetic preference for) the all*-trans*-cyclobutanes in relation to the other cyclobutane isomers. Since C2-R and C3-R′ are trans, these groups (R and R′) will be syn in the final adduct after cleavage of the C1--C4 bond and rotation. However, if epimerization occurs during the last steps, the syn/anti ratios (the diastereomeric ratios, dr's) will be lower.

First, with a simple model, we compared the relative energies of all of the possible stereoisomeric nitrocyclobutanes, by means of molecular orbital (MO) calculations ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) with the Gaussian 16 program package.^[@ref16]^ All*-trans*-nitrocyclobutane **16-cb**, henceforward often called **16** for simplicity's sake, with the four substituents of the cyclobutane ring in an equatorial arrangement, or almost equatorial, was calculated to be thermodynamically more stable than the other seven isomers ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A), in which one or more groups must be axial, almost axial, or pseudoaxial. Some of these stereoisomers could be generated by epimerization of the CHNO~2~ stereocenter via its nitronate (i.e., in the presence of any base, relatively strong such as pyrrolidine or moderate such as the tertiary N atom of any nitrocyclobutylpyrrolidine or enamine group). Other stereoisomers might be generated: (1) if the cycloaddition reaction was produced without retention of configuration of the partners; (2) if either the starting (*E*)-enamine or (*E*)-nitroalkene was impure, containing some percentages of their *Z* isomers (which is seldom the case), and no *Z*-to-*E* isomerization occurred during or after the cycloaddition. Particularly interesting is isomer **17**, since it is the product of the alternative approach between the enamine and nitroalkene, with configuration retention: substituents at C1 and C2 of the cyclobutane are in trans; substituents at C3 and C4 are also in trans. However, under equilibrium conditions, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A suggests that **17** would be converted into **16** (with calculated Δ*G*° values between −3.0 and −4.2 kcal/mol).

![Relative energies (kcal/mol) of stereoisomers and conformers of a nitrocyclobutane model (A). Reaction energies calculated for the formation of cyclobutane **16** at different levels of theory (B). Conformational analysis of *N*-(4-nitrocyclobutyl)pyrrolidine **16** (C).](ao9b02074_0009){#fig9}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B indicates that the cycloaddition reaction for this model is exothermic, with Δ*E* values between −33.8 and −24.8 kcal/mol. The mean value between the MP2/6-31G(d) and M06-2X/6-311+G(d,p) results is close to the higher-level CCSD(T) value, as it is the mean of the first six values. The reaction is also exergonic or exoergic: approximate Δ*G*° values lie between −7 and −14.5 kcal/mol (depending on the method, assuming that from Δ*E* to Δ*G*° ca. 17 kcal/mol must be added) in apolar solvents and between −5.5 and −14 kcal/mol in polar solvents (see footnotes in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Also, there is free rotation around the N--C1 bond, but the conformer with both rings almost coplanar has the lowest energy. Conformer **16′** deserves comment, since a clear stereoelectronic effect appears, due to the arrangement of the N lone pair, the C1--C4 bond, and the NO~2~ group: N--C1 is shorter, C1--C4 is longer, and C4--NO~2~ is shorter. The relevant interatomic distances given in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C are those obtained at the B3LYP/6-31G(d) level, for the sake of simplicity, but the same effect was observed at all levels of theory, as expected.

Relevance of the Size of Groups R (Enamine) and R′ (Nitroalkene) {#sec2.4}
----------------------------------------------------------------

Model **16** is too simple, so that we calculated other cyclobutanes closer to **1-cb**--**4-cb**. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} summarizes only the lowest-energy conformers relevant for each case, among a plethora^[@ref5],[@ref6]^ of conformations that we examined. The gap between **1-cb** and **18** ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}A) is larger than that between **16** and **17**. The gap between **3-cb** and **19** is even larger (and all of the remaining forms, not shown to save space, are 5.0--14.0 kcal/mol above **3-cb**). When the steric crowding between C2-R and C3-R′ increases more, the gap (Δ*E*) significantly increases (compare **20** and **21**). In other words, the use of β-branched aldehydes and nitroethenes substituted by aryl groups or branched chains increases the energy difference between the approach of the substrates or reactants to give one all*-trans*-nitrocyclobutane (we will call it antiperiplanar or ap approach) or the alternative one (the synclinal or sc approach). See below for further details, where it will be demonstrated that the dr will depend on these gaps. In other words, the sizes of groups R (enamine chain) and R′ (nitroalkene) are significant for the diastereoselectivity.

![Lowest-energy conformers of **1-cb**, **3-cb**, and **20**. Relative energies of their isomers **18**, **19**, and **21** (A); predicted total electronic energies (au) in small letter. Relative energies in kcal/mol, in bold, on the right side, for the reactions leading to these cyclobutanes (B).](ao9b02074_0010){#fig10}

This explains "point or problem (d)" of the [Introduction](#sec1){ref-type="other"}. The larger or more branched the R and R′ groups at C2 and C3, respectively, of the *N*-(4-nitrocyclobutyl)pyrrolidines, the higher the gap between each all-*trans*-cyclobutane and its isomers and, thus, the higher the diastereoselectivity (dr) of the final 4-nitrobutanal.

The NO~2~ and Ph groups were predicted to be perpendicular to the approximate plane of the cyclobutane and pyrrolidine rings in most of the minimum-energy conformers. The situation is more complex in the case of **3-cb**, where the rotation of the isopropyl group gives rise to unfavorable van der Waals (vdW) interactions with the pyrrolidine ring and/or with Ph. Here, conformer **3′-cb** turned out to be slightly favored over **3-cb**. When the substituents at C2 and C3 are ^*t*^Bu, both rotamers (**20** and **20′**) were predicted to have a similar energy (as far as possible, we always take the mean values between the MP2 and M06 results for the comparisons).

The reaction energies shown in [Figures [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B and [10](#fig10){ref-type="fig"}B also indicate that the formation of racemic compounds **16**, **1-cb**, **3-cb**, and **20** is exothermic. In other words, the formation of nitrocyclobutylpyrrolidines from enamines and nitroalkenes can be general. The steric hindrance may slow the rate of formation of **20**, but in principle, even this reaction is thermodynamically feasible. Nevertheless, the predicted Δ*G*° value at the M06 level is only −5.9 kcal/mol, that is, 3 kcal/mol less favorable than the other two cases shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. It is likely that starting from pyrrolidines with large substituents, branched aldehydes and branched nitroalkenes, the Δ*G*° values are even less favorable.

The corollary here is that reactions between aldehyde enamines and nitroalkenes can go through formal \[2 + 2\] cycloadditions. When reactions of aldehydes, secondary amines, and nitroalkenes are carried out in wet polar solvents at \>20 °C, the cyclobutanes have less chance to be detected, as will be explained below.

Cyclobutanes Can Be Formed with All Double Bonds Conjugated with EWGs {#sec2.5}
---------------------------------------------------------------------

The two preceding paragraphs may be general. The experimental examples shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} suggest that the reaction of any enamine with any EWG-activated double bond may afford a cyclobutane, as a more or less stable product or intermediate, depending on the reaction conditions. We calculated the series of reactions shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. All were predicted to be exothermic.

![Predicted reaction energies (in kcal/mol) for a variety of EWG-activated alkenes that lead to cyclobutanes.](ao9b02074_0011){#fig11}

If the formation of all*-trans*-3,4-dimethyl-4-*N*-pyrrolidinocyclobutanenitrile, **22**, is compared to those of *E*-substituted nitroalkenes in [Figures [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}, the parallelism is clear; e.g., Δ*E* values between −31.5 and −24.8 ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) can be compared to Δ*E* between −28.1 and −21.4 ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}). The Δ*G*° values for the formation of **22** are predicted to still be negative, at all of the levels of theory examined, even for the formation of the alternative isomer, **23** (which is formed with retention of configuration of the two reactants).

With groups such as CHO, COOH, and COOMe, it was noted that the values of Δ*E* were less negative, but we would still expect values of Δ*G*° slightly negative. See the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)) for additional details. In contrast, cyclobutanes from conjugated sulfones, from a methylthio derivative of nitropropene, and from H~2~C=C(Me)NO~2~ were calculated to be even more favored than our standard nitrocyclobutanes. In short, all types of double bonds conjugated with EWGs, not only β-nitrostyrene, have a tendency to yield cyclobutanes, in agreement with [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The stronger the EWG, the more exothermic the cyclobutane formation appears. Other details such as steric hindrance and the contribution of group Y seem to modulate this effect, as could be expected. The real chances of isolating these cyclobutanes again will probably depend on the thermodynamic or kinetic stability of each structure in the medium at a given temperature.

The preceding paragraphs answer "question (a)" posed in the [Introduction](#sec1){ref-type="other"}: cyclobutanes are formed in all of the reactions reported here ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and/or are predicted at different levels of theory to be thermodynamically more stable ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}) than their precursors. The formation of cyclobutanes is more general than previously thought.

The isomer alternative to **22** (see **23**) was found 3.6 kcal/mol above the corresponding all*-trans*-cyclobutane. The gaps, for the cases that we examined in [Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf), were 3.6, 3.3, 3.6, and 2.2 kcal/mol. These isomers (also see **17**--**19** and **21**) are always predicted to lie a few kcal/mol above. In short, the fact that the R and R′ substituents and, on the other hand, the pyrrolidino and EWG groups are cis implies a penalty of ca. 3 kcal/mol as a mean value, which increases if these substituents are larger.

Approaches between the Two Reactants {#sec2.6}
------------------------------------

As the preceding paragraph suggests, the reaction of the two achiral reactants will mainly lead to the all*-trans*-(±)-**cb**, over its alternative isomer. What matters is the trans/cis ratio between the R and R′ groups of nitrocyclobutanes, which by ring opening and hydrolysis can give rise, after rotation through the C2--C3 bond, to the final syn/anti ratio or dr of the nitro-Michael adducts. It relies on the greater thermodynamic stability of the all*-trans*-cyclobutanes, as already established in the preceding sections, but the key question is whether the all-trans isomer is, also and always, kinetically favored or not. In this regard, we studied the mechanism of the possible cycloaddition between our simple models computationally, i.e., the reaction of pyrrolidine--propanal enamine (in its largely predominant form *E*,s-trans) with (*E*)-1-nitropropene to give nitrocyclobutylpyrrolidine **16** or its alternative isomer **17** ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).

![Two main possible approaches of a simple nitroalkene to a simple aldehyde enamine and the corresponding transition states (TSs). Gibbs free energy profiles (free enthalpies, Δ*G* in kcal/mol) optimized at the M06-2X/6-311+G(d,p) level including DMSO/solvent model density (SMD).](ao9b02074_0012){#fig12}

Optimization of the equilibrium geometries of TSs and intermediates, for the approaches between the reactants that go to all*-trans*-cyclobutane **16** and to the alternative cyclobutane **17**, was attempted at different levels of theory. In the gas phase, we were unable to locate zwitterionic intermediates (**zw**, which are relatively much higher in energy, as expected). Even in polar solvents, it was hard to locate some **zw** species, but eventually we were able to obtain the representative reaction profiles shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, with M06-2X geometries optimized in DMSO/SMD. In the first transition state (TS), the C2--C3 distance is around 2.15 Å, while C4 is almost equidistant from C1 and N, at ca. 2.95 Å. Later, the C2--C3 covalent bond was already formed, while C4 was still far from C1 and N, that is, there is an ionic bond between an iminium cation and a nitronate anion (**16-zw** is formed). Afterward, a small shortening of the C1--C4 distance produced the collapse to cyclobutane **16** (while a small rotation of the C--NO~2~ bond angle caused the collapse to the six-membered ring, **16-dh**). It is likely that the relative energy values of **zw** species are higher in nonpolar solvents and lower in water. In fact, the calculated total energies for **16-zw** and **16′** at M06-2X/6-311+G(d,p) in tetrahydrofuran (THF)/conductor-like polarizable continuum model (CPCM) were −651.63529 and −651.64333 au, respectively, that is, **16-zw** was predicted to be 5.0 kcal/mol above **16′**; at the same level, in water and in DMF, **16-zw** was calculated to lie only 2.0 ± 0.2 kcal/mol above **16′**.

In all of the methods examined, in agreement with [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, cyclobutane **16** was predicted to have a lower energy than its stereoisomer **17**. The corresponding first TS was also predicted to have a lower energy than the first TS, leading to **17**. The gap was calculated to be 2.2 kcal/mol (ΔΔ*G*^‡^, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}) at the indicated M06-2X level. Similarly, the gaps were 4.4, 2.1, 3.2, and 3.5 kcal/mol by single-point calculations from B3LYP geometries optimized in DMSO at MP2/6-31G(d), ωB97X-D/6-311+G(d,p), M06-2X/6-311+G(d,p), and M08-HX/6-311+G(d,p), respectively. In short, **16** is favored over **17** from both the thermodynamic and kinetic points of view. The factors that make **16** more stable than **17** make the barrier to **16** of lower energy than that to **17**. This was intuitive, but not previously evaluated. With other R and R′, obviously larger than simple methyl groups, it is likely that these gaps will be much larger.

It is also worth noting that the Δ*G*^‡^ value calculated for the first step (in DMSO, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}) is quite small (only 14.9 kcal/mol): the reaction between simple preformed enamines and nitroalkenes can be very rapid at rt, as happens experimentally. In benzene at the M06-2X/6-311+G(d,p) level, the calculated value of Δ*G*^‡^ was 17.6 kcal/mol. At the other levels mentioned in the preceding paragraph, the Δ*G*^‡^ values in DMSO oscillated between 16.0 and 12.8 kcal/mol.

A final note of caution is required. We should take into account all of the possible approaches between the nitroalkene and enamine models ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}), in which the bonds between C2 and C3 are being formed. The three drawings in the top row may lead to cyclobutane **16-cb**; the three drawings in the bottom row may lead to **17-cb**. In some cases, as in the two central approaches, the positive and negative charges of the resulting **zw** intermediates are more separated. As expected, these chemical species were found much above those examined in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. However, the energy differences among all of the possible intermediates were reduced when very polar solvents were introduced in the implicit-solvent calculations (see [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). Nevertheless, **16-zw** (and then **zw/16**ap), which leads to the thermodynamically more stable cyclobutane, **16-cb**, is favored in relation to those zwitterions that lead to **17-cb**, as well.

![Possible approaches of (*E*)-1-nitropropene to the enamine model, (*E*)-*N-*(1-propenyl)pyrrolidine. M06-2X/6-311+G(d,p) results in DMF/CPCM (first row) and in H~2~O/CPCM (second row) for the zwitterionic species. Relative energy values (kcal/mol) are in bold.](ao9b02074_0013){#fig13}

Effect of the Size of the Substituent at the Pyrrolidine C2 Atom on the Relative Percentages of s-*trans*- and s-*cis*-Aldehyde Enamines {#sec2.7}
----------------------------------------------------------------------------------------------------------------------------------------

So far, achiral substrates and trans/cis ratios of substituents at C2 and C3 (and hence syn/anti final ratios or dr values) have only been discussed. With a substituent on the pyrrolidine ring, enantiopure intermediates and products may be obtained instead of racemic compounds. The enantiomeric ratio (er) or the ee% of the nitrocyclobutane can depend on the approach of the nitroalkene through one face or another of the chiral aldehyde enamine. As is well known,^[@ref1],[@ref3]^ the larger the substituent at C2 of the pyrrolidine ring, the higher the probability that the reaction occurs through the opposite face of the pyrrolidine ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}) and consequently the higher the enantioselectivity. We aimed to evaluate how the size of the C2-pyrrolidine substituent and its electronic features may affect enantioselectivity.

![Relative energies of the main conformers of chiral enamines and all*-trans*-nitrocyclobutanes. The s-*trans*-enamines yield (4′*S*)-nitrocyclobutylpyrrolidines and the s-*cis*-enamines their diastereomers (4′*R*), respectively. For (*S*)-2-*tert*-butylpyrrolidine derivatives, in each case, the more stable enamine conformer---the more abundant in the very rapid equilibrium between the enamine forms---affords the nitrocyclobutylpyrrolidine highlighted in green, the more stable form of each cyclobutane.](ao9b02074_0014){#fig14}

To simplify matters, we will consider that only all*-trans*-cyclobutanes are generated, without any trace of the other isomers. The two major cyclobutane stereoisomers can then be those depicted in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}, where the lowest-energy conformer for each chemical entity is represented. It is noted that the s-trans conformers give rise to 4-nitrocyclobutanes of configuration 4S, whereas the s-cis conformers afford those of configuration 4R, according to the mechanism shown in the preceding sections. Before any discussion, we should recall that the s-*trans*/s-*cis*-enamine equilibria are very rapidly established, since the barriers for aldehyde enamines are often around 5 kcal/mol and always, even for sterically crowded enamines, below 10 kcal/mol.^[@ref5]^

When the enamine chirality is due to a methyl group on the C2 of the pyrrolidine ring (as in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}, left column), the gap between the main conformation of the s-*trans*-enamine and that of the s-*cis*-enamine is small (Δ*E* = 0.2 kcal/mol, Δ*G*° = 0.6 kcal/mol). It is also predicted that the diastereomeric nitrocyclobutanes, in which they are respectively converted, may have very close energy. It is thus expected that, for this case, the stereoselectivity is poor or nil and that, after ring opening and hydrolysis, the enantiomeric ratio (er) of the final adducts will also be poor.

However, when there is a *tert*-butyl instead of a methyl group, the steric clashes may be more significant. It is predicted that the s-*trans*-enamine (the conformer of the (*E*),s-*trans-*enamine shown in the second, third, and fourth columns in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}) will largely predominate (*K*~eq~ \> 10). This more abundant enamine is transformed, according again to the mechanism discussed above, to a nitrocyclobutane with the NO~2~ group on the right side in the structures depicted. One conformer of this (4*S*)-nitrocyclobutane is thermodynamically favored in relation to its other conformers and with respect to all of the conformers of its 4R isomer (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf) for additional details). In simple words, the most abundant s-*trans*-enamine, in reacting with a nitroalkene, selectively affords one nitrocyclobutane, which is furthermore the thermodynamically stable isomer. The preferred conformation of the pyrrolidine ring of these enamines---usually between ^4^E and ^4^T~3~, which we call C4-up for the sake of simplicity, but sometimes ^3^T~4~, which we call C4-down---is not relevant, as the energy gap for each pair is generally very low (≤0.6 kcal/mol) and within the calculation error.

Seebach et al.^[@cit3a],[@cit3d]^ and Burés et al.^[@cit3b],[@cit3c]^ have demonstrated, by means of exchange reactions, that the formation of nitrocyclobutanes containing the JH catalyst is reversible. In other words, the formation of JH-derived cyclobutanes, even at rt, is under thermodynamic control. In spite of this irrefutable argument, we have calculated the first of the TSs for the s-*trans*- and s-*cis*-enamines of our model (with ^*t*^Bu). We planned to evaluate whether, for the formation of these cyclobutane derivatives, the energy barriers were similar or not and whether they were as low as in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. At the M06-2X/6-311+G(d,p) level, the transition state from the s-*trans*-enamine (C4-up) was located at −808.81374 au and that for s-*cis*-enamine (C4-up) at −808.81291 (0.5 kcal/mol above); including single-point calculations in DMSO, the difference was larger (1.6 kcal/mol) and the two Δ*G*^‡^ values were calculated to be 14.4 and 14.3 kcal/mol (close to the value given in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). At the ωB97X-D/6-31G(d) level, the four TSs (from s-trans/C4-up, s-trans/C4-down, s-cis/C4-up, and s-cis/C4-down conformers) could be located; the M06-2X/6-311+G(d,p)/H~2~O//ωB97/6-31G(d) total energies were −808.83691 (0.0), −808.83589 (0.6), −808.83464 (1.4), and −808.83429 au (1.6 kcal/mol), respectively. In summary, the barriers are very low and almost identical for the different conformers (Δ*H*^‡^ ≈ 1 kcal/mol, Δ*G*^‡^ ≈ 16 kcal/mol, lower values in polar solvents). This could be expected as both reactions take place through the face opposite to the ^*t*^Bu group. Therefore, the calculations again suggest that the most abundant enamine tautomer is converted into the most stable cyclobutane derivative via a low-energy TS or the lowest-energy TS (and likely the lowest-energy **zw**). The reactions are reversible (thermodynamic control), and there is no need to resort to the Curtin--Hammett principle.

With three ^*t*^Bu groups as substituents, one on C2 of the pyrrolidine and the other two on C2′ and C3′ (C2 and C3 of the cyclobutane ring), the energy gaps between the two series of stereoisomers and among their conformers are still higher than those shown in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}. See [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf) for an explanation based on the van der Waals (vdW) repulsions of the substituents. Again, one or two conformers with the NO~2~ group on the right (configuration 2S,4′S of the cycloadduct) are more stable than any other isomer and conformer.

A last question is whether, as indicated by one reviewer, the results obtained with the ^*t*^Bu group, which is a too simple model of a large substituent, may be extrapolated to the special case of the popular JH catalyst. An exhaustive study of all of the conformational space at high levels of theory would require months of additional work, but there are earlier calculations of simple JH enamines^[@cit3d],[@cit3f],[@cit3g],[@ref5],[@ref6],[@cit15b],[@ref17]^ upon which we can rely. For the sake of brevity, we will only compare the lowest-energy conformers of each species for the cases CPh~2~OTMS (JH) and CPh~3~ (trityl, Tr), as shown in [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}. Due to the crowded structure of these molecules, we also carried out geometry calculations with ωB97X-D (that is, with a functional that includes long-range dispersion corrections);^[@cit16c]^ the stability order of the plethora of conformations was more reliable than using B3LYP and the MP2 and M06 single-point total energies improved ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}, top), but the relative energies did not change. In comparing [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} to [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}, it appears that the gaps between the pairs of related stereoisomers are larger now than in the ^*t*^Bu case, as could be expected due to the larger size of both groups and the special features of CPh~2~OTMS, but the "rule" is maintained: the more stable the s-trans starting enamine, the more stable the cyclobutane with NO~2~ at the right. Starting from branched aldehydes and from β-nitrostyrene or branched nitroalkenes (that is, with larger substituents at C2′ and C3′), the gaps would be even higher, as predicted for other examples in preceding sections.

![Cases of the JH catalyst and 2-tritylpyrrolidine. Effect on the model reaction (propanal + 1-nitropropene).](ao9b02074_0015){#fig15}

Calculations of Further Aldehyde Enamines {#sec2.8}
-----------------------------------------

Calculations of aldehyde enamines that pose more difficulties (than 2-^*t*^Bu and 2-Tr-pyrrolidine) from the viewpoint of the conformational analysis, due to the huge number of possible conformers, and their formal \[2 + 2\] cycloadditions are summarized in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}. Only the lowest-energy minima of each species are drawn in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}.

![Energies calculated for the lowest-energy conformers of representative s-*trans*- and s-*cis*-enamines of silylated prolinols and of the corresponding all*-trans*-cyclobutanes (A). The proline case (B). The case of prolinate enamines (C). Relative energies are in kcal/mol, as always, and in bold.](ao9b02074_0016){#fig16}

The three examples in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}A showed that the gaps between the lowest-energy conformers of s-*trans*- and s-*cis*-enamines are minimal. The differences between the lowest-energy (4*S*)*-* and (4*R*)-nitrocyclobutanes were also minimal. We calculated other cases, from other silylated prolinediols and other nitroalkenes, with similar results. These prolinol derivatives are the models of catalysts **A**, **C**/**D**/**E**, and **G**/**H** shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. We recognize that the models are simple, but the tendency is clear: these substituents are not sufficiently large to discriminate the two options. This happens experimentally, since in the trials with aldehydes and **A**--**I**, we had obtained poor er values.

This explains "point or issue (e)" mentioned in the [Introduction](#sec1){ref-type="other"}. If the gaps between s-*trans*- and s-*cis*-enamine conformers are small (which means that the substituents on the chiral pyrrolidines do not favor sufficiently the s-trans conformers), a mixture of two all-*trans*-nitrocyclobutanes will be formed. The all-trans arrangement only ensures an excellent dr (that is, a good or excellent final syn/anti ratio, provided that no epimerization occurs during the following steps). The ring opening and hydrolysis of a mixture of two diastereomeric nitrocyclobutanes cannot afford a good er or ee%. A chiral pyrrolidine with a large α-branched substituent at C2 is required to obtain an excellent enantioselectivity.^[@ref1]^

The fourth example ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}B) poses the problem of proline, which in practice is one of the worst catalysts for enantioselective nitro-Michael reactions (e.g., a 55:45 mixture of **7-cb** and **8-cb** was obtained in the lab; see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Moreover, the gap between the pair of enamines is so small that a change of solvent polarity may favor one or the other. Thus, despite the fact that the natural amino acid (*S*)-proline was the trigger of the organocatalysis field and itself or its surrogates are essential for aldol reactions, it is the most complex case to study in silico and to account for in vitro because of (1) its insolubility in most organic solvents that almost only permits the use of DMSO or DMF (and/or an excess of wet aldehydes); (2) the features of the COOH group (inappropriate for exerting a significant steric effect but good for hydrogen bonding or intramolecular proton transfer); (3) the possibility that the s-cis forms of the COOH groups of enamines, which are not far away in energy, form well-known dimers (either homo, hetero, or with unreacted proline) in the reaction medium by intermolecular hydrogen bonding; (4) the large predominance of bicyclic oxazolidinones in the equilibria, not only those from the starting aldehydes but also those from the intermediate zwitterions and nitrocyclobutanes (only the more stable exo forms are depicted in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}B); and (5) the disparate reactivity of prolinate anions, always potentially present in the medium (in polar solvents with basic properties, due to the tertiary nitrogen atoms of oxazolidinones or to the exchange of protons with other carboxylate ions).

Regarding this last point, the COO^--^ groups may behave differently from the COOH groups, as expected; for example, they can afford much better anchimeric assistance to electrophilic attacks^[@ref18]^ to the enamine double bond than a carboxyl group, of course. Among the prolinate enamines, one s-trans conformation predominates (see [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}C), but calculations in DMSO with geometry optimization and single-point calculations in H~2~O (data not shown) revert the order in such a way that the abundance of both s-cis forms is predicted to increase. Thus, the reactivity and stereochemical outcome of proline enamines may dramatically depend on the presence of catalytic amounts of bases in the medium and on the solvent polarity.

From *N-*(4-Nitro-1-cyclobutyl)pyrrolidines to 4-(Nitroethyl)enamines and 4-Nitrobutanals: Plausible Mechanisms {#sec2.9}
---------------------------------------------------------------------------------------------------------------

Mechanistically, the hydrolysis that leads to nitrobutanals may take place from the zwitterions and the iminium salts. From zwitterions, as soon as **zw** is formed as an intermediate ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}), some hydrolysis may occur, before the formation of the nitrocyclobutane (see [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}A, first row). The nitronate group would capture a proton from water, and the resulting iminium hydroxide would be spontaneously cleaved.

![Plausible hydrolyses of nitrocyclobutanes through zwitterions and iminium salts (A). MP2/6-31G(d)//B3LYP/6-31G(d) energies are in au; relative energies are in kcal/mol, in bold. Protonation of species **zw** gives **im**^**+**^ and that of **zw′** affords **im′**^**+**^, but **im**^**+**^ and **im′**^**+**^ are in rapid equilibrium by a simple rotation. Protonation of (*Z*)-**en** may give **im**^**+**^ and *epi-***im**^**+**^ while that of (*E*)-**en** may give **im′**^**+**^ and *epi-***im′**^**+**^. M06-2X/6-311+G(d,p) energies are also compared (B) for the iminium ions of R = R′ = Me (**16**) including single-point implicit-solvent calculations.](ao9b02074_0017){#fig17}

[Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"} also indicates that hydrolysis can occur when cyclobutanes are formed, after ring opening. This may take place from the conformer with the pyrrolidine ring perpendicular to the plane of cyclobutane (e.g., **16-cb′**), in which the N lone pair is antiperiplanar to the C1--C4 bond ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C). In the light of [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, **16-zw** is found only 6.7 kcal/mol above **16-cb′** in DMSO and the barrier to "come back" is only of ca. 13 kcal/mol. The ring opening may be triggered by an increase of the polarity of the medium---zwitterions will be favored as far as the medium becomes more polar---and by the temperature because of the term *T*·Δ*S*, as we observed and already commented on. In fact, cyclobutanes **cb** can be considered covalent forms of zwitterions **zw**, the ionic forms, as mentioned above.

Hydrolysis can also occur from iminium salts **im**^**+**^ and **im′**^**+**^ ([Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}A, second row on the right), which is a standard step for the hydrolysis of any enamine, in the presence, from the very beginning, of catalytic amounts of any proton source (HA = ArCOOH, phenols with EWGs, H~3~O^+^ or solvated protons in general, appropriate pyrrolidinium ions, thioureas with EWGs, etc.), capable of partially or fully neutralizing the nitronate moiety of **zw** as soon as it is formed.

It is known^[@ref3]^ that some nitrocyclobutanes spontaneously isomerize to the adduct enamines (final enamines); we have provided additional examples of this transformation ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}) occurring at the NMR probe temperature, without any additive. Our calculations indicate that there is a set of conformations for (*E*)-**en** of very close energy, in which there is some favorable interaction between the polar groups (the enamine double bond and NO~2~, which is located either above or below the enamine plane). The aldehyde enamines with a 2-nitroethyl substituent seem to be more stable and less sensitive to water than enamines of standard aliphatic aldehydes. Hydrolysis of enamines (*E*)-**en** and (*Z*)-**en** must occur according to standard mechanisms, via their iminium salts. The reasonable equilibria are shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}, which includes a comparison of the relative energies of these iminium intermediates.

[Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"} shows that adduct enamines *E* \[(*E*)-**en**\] are predicted to be slightly more stable than the corresponding *Z* enamines (in polar solvents, see below, even more). [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"} also indicates that one (**im**^**+**^) of the four iminium ions is more stable than the others, after a careful conformational analysis of these cations, without its counterion. Even though the structure is open, it seems as if a six-membered arrangement was favored (see **16**-**im**^**+**^), with interactions between the polar groups \[the (RCH~2~)~2~N^+^=CH moiety and NO~2~\] and with R and R′ in pseudoequatorial positions (i.e., H1 and H2 as well as H2 and H3 antiperiplanar). Zigzag conformers of **im**^**+**^ and **im′**^**+**^ were not favored, even in polar solvents (results not included). Since all of the iminium ions are in equilibrium, by rotation around the C1--C2 single bond and through the enamines by deprotonation and protonation (general acid catalysis), it may appear that the protonation step is rather stereoselective.^[@ref3]^ At least in apolar solvents, all of the iminium species fall down to **im**^**+**^. In other words, the calculations suggest that the hydrolysis of the final enamines goes through this iminium ion.

This is a plausible explanation for the fact that many nitro-Michael reactions, even though being multistep, occur with high stereoselectivity. For simple aldehydes, the opening of the four-membered ring and/or the C-protonation step of the adduct enamines can reasonably be the rate-limiting steps, at least in nonpolar solvents.^[@ref3]^ As deduced from [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}, since enamines *E* (with the pyrrolidine ring and the more branched substituent in trans, to be more precise) are the most abundant intermediates detected by NMR, it may also be assumed that their hydrolyses, when they are not sufficiently shifted to the right and/or when they are slow, will affect the overall reaction rate. Again, it suggests that the C-protonation step of such enamines may then become the rate-limiting step.^[@cit3g]^ It requires a very selective protonation of (*E*)-**en** from below the double bond (the lower or α face in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}, to give **im′**^**+**^ and hence the most stable **im**^**+**^), by any proton source. It must be the pathway, when (*E*)-**en** is predominant but no epimerization occurs.

In contrast, in very polar solvents, especially for *epi-***16**-**im′**^**+**^ ([Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}, bottom), the conformers with R and R′ in antiperiplanar orientation, i.e., with H2 and H3 ap, turned out to be close to the lowest-energy minimum. It suggests that in very polar solvents epimerization is possible through *epi*-**16-im′**^**+**^.

Further comparisons of representative ring opening and hydrolysis reactions are shown in [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}. Nitrocyclobutanes (**cb**), the resulting enamines (**en**), and 4-nitrobutanals were predicted to have similar Gibbs free energy values. Only the M06-2X/6-311+G(d,p)-calculated relative Δ*G*° values are shown in [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}A, but the complete figure is given as [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf) ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)). It implies that in the absence of a sufficient concentration of water the equilibria will not be fully shifted to the right. For the first two compounds in [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}A, we can observe that the nitrobutanals are found 0.6--0.7 kcal/mol below the corresponding nitrocyclobutanes, whereas for the last two cases, with branched aldehydes and larger substituents, each nitrobutanal is predicted to lie 1.3--1.7 kcal/mol above each nitrocyclobutane. Thus, the cyclobutane intermediates are predicted to be ≥2 kcal/mol relatively more stable than the final adducts in the last two cases (that is, the overall equilibria may be less shifted to the right, so the release of pyrrolidine may be less favored, probably slower, and hence the entire aminocatalytic process may be slower as well, as it happens).

![Relative M06-2X/6-311+G(d,p)-calculated Gibbs free energies, unless otherwise indicated, in kcal/mol, for representative sequences of reactions from pyrrolidine enamines (A) and for models from 2-*tert-*butylpyrrolidine and the JH catalyst (B). Column B also includes the relative total electronic energies (Δ*E*, numbers in black) of the same intermediates and of the lowest-energy conformers of the two possible cations arising from the protonation of the predominant (*E*),s-*trans*-enamines.](ao9b02074_0018){#fig18}

These last results explain "point (c)" of the [Introduction](#sec1){ref-type="other"}, regarding nitro-Michael reactions that involve isobutyraldehyde and related α-branched aldehydes, which seem to stop at the nitrocyclobutylpyrrolidine stage. They are probably hydrolyzed via their **zw** partners, but the hydrolysis equilibria are not shifted so far to the right in this case as in other cases. This would explain why the more highly substituted or branched the starting aldehyde, the relatively easier the detection of the corresponding cyclobutane. Branched starting aldehydes may eventually be converted into even more crowded final aldehydes, which are not particularly favored in relation to the cyclobutanes. Thus, another rule of thumb would be that the more crowded the final aldehydes, the higher the chances of the catalytic process to stop at the nitrocyclobutane stage. As indicated, the corresponding all*-trans*-cyclobutanes with large substituents, far to each other, are relatively more stable than expected.

When the energies shown in [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}A were systematically recalculated for the model compounds (**16**, first row) in benzene and in DMSO by single-point calculations with the SMD method, slight changes were noted. These results are as follows: forms **cb**, (*Z*)-**en**, (*E*)-**en**, and the indicated 4-nitrobutanal moved up 1.4/1.4 (benzene/DMSO), 1.5/2.3, 0.8/0.0, and 0.9/1.4 kcal/mol, respectively. Thus, in relation to nitrocyclobutane and 4-nitrobutanal, (*Z*)-**en** is slightly destabilized, while (*E*)-**en** is stabilized, mainly in DMSO. This solvent effect may be quite general. It explains why (*E*)-**en** is the intermediate with a longer half-life in several experiments reported to date^[@ref3]^ and others described above. It also agrees with the experimental data, in the sense that the aminocatalyzed nitro-Michael reactions take place at rt in most organic solvents, although they often stop at intermediates **cb** or (*E*)-**en**, with ratios that are different from one solvent to another.

To go further, [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}B shows the effect of medium-large (^*t*^Bu) and very large (CPh~2~OTMS) groups at C2 of the pyrrolidine ring on the reaction model. Only the lowest-energy minimum of each form is indicated. Relatively, both (*E*),s-*trans*-enamines of the adducts were calculated to be even more stable than that of the model: their hydrolysis equilibria were less shifted to the right. Thus, these enamines may have a long half-life, so that the corresponding catalytic processes may be quite slow. It is also worthwhile that the protonation of these major enamines from the α face (from below the double bond) is preferred over the protonation that would produce the undesired epimer. Our computational capability did not allow us to calculate all of the cyclobutanes and adduct enamines that we detected by ^1^H NMR, but the tendencies are clear. It is likely that, for those catalytic nitro-Michael reactions in which nitrocyclobutylpyrrolidines and adduct enamines are generated in significant amounts, one or another intermediate may be involved in the rate-limiting step (depending on the substituents; see examples in [Figures [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} and [S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)).

In summary, [Figures [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"} and [18](#fig18){ref-type="fig"} show that nitrocyclobutylpyrrolidine derivatives may be hydrolyzed via their zwitterionic isomers and via their isomeric enamines to yield the corresponding nitrobutanals (final Michael adducts). The intermediates have similar free energies (free enthalpies) to the final aldehydes. Thus, the equilibria are not shifted very far to the right at rt, in general, depending on the substituents. Protonation of pyrrolidines can help, but higher than equivalent amounts of water in the organic solution can be required for a complete hydrolysis. For further plausible mechanisms of the ring opening of nitrocyclobutylpyrrolidine derivatives, see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf).

Reaction of Cyclic Ketones with Nitroalkenes {#sec2.10}
--------------------------------------------

The enamines of ketones are different from those of aldehydes examined until now. As mentioned, the formation equilibria are, with few exceptions, less shifted to the right,^[@ref5]^ since as known (1) they are less reactive against nucleophilic attacks, as it is well known, since there are two chains on the carbonyl group and (2) in the corresponding enamines there are more steric clashes between the α-positions of the pyrrolidine ring and the alkenyl or cycloalkenyl substituents.

We were interested in identifying the possible intermediates of reactions of cycloalkanones with β-nitrostyrene and analogues. We prepared representative enamines of cyclohexanone, in the presence of CaH~2~ as a dehydrating agent, as shown in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}; after filtering, the C~6~D~6~ solutions, which are relatively concentrated in the corresponding enamine but obviously contained starting materials, were treated with approximately equimolar amounts of β-nitrostyrene at 5--10 °C. Consecutive NMR spectra were then registered under typical conditions, at the probe temperature. The olefinic proton of the initial enamine at 4.44 ppm disappeared in few minutes, and several other peaks appeared between 4 and 5 ppm. The main signals were attributed to the adduct enamine shown in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"} (eq 1, see **24-en**), with the less substituted double bond. However, no cyclobutane signals---bicyclo\[4.2.0\]octane derivatives---were detected.

![Examples of intermediates detected during the reactions of nitroalkenes with some enamines of cyclohexanone (eqs 1 and 2) and cyclopentanone (eq 3) (n.d. = plausible intermediates not detected). Spectra registered in C~6~D~6~.](ao9b02074_0019){#fig19}

In the reaction shown in eq 2, we also observed the initial or starting enamine and rapidly the resulting adduct enamine (the final enamine) with a trisubstituted double bond (**25-en**). Furthermore, a direct adduct of the secondary amine to the β-nitrostyrene was also present (**26**). We explain this last fact as follows: since the formation of the starting enamine was not shifted as far to the right as in eq 1, there was an excess of the secondary amine in the medium, which underwent an obvious conjugated addition to β-nitrostyrene. This interpretation was independently confirmed by mixing Peng's catalyst^[@ref14]^ and an excess of β-nitrostyrene in C~6~D~6~ in a NMR tube, and only one diastereomer was formed; calculations of model analogues suggested that the conformer of the S,R-stereoisomer indicated in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"} may largely predominate. However, what matters is that in these and other trials we were unable to detect any trace of a cyclobutane derivative at the temperature of the NMR probe.

Starting from cyclopentanone enamines, which were formed in larger proportions than cyclohexanone enamines^[@ref5]^ operating under identical conditions, we obtained similar results by treating the resulting solutions with β-nitrostyrene in C~6~D~6~ at 5 °C. However, more complex mixtures of adduct enamines were obtained (the chemical equations are not depicted to save space). For example, from cyclopentanone--pyrrolidine enamine and β-nitrostyrene, three of the possible enamines were detected, two of them with the double bond at the less substituted position, with typical enamine signals at δ 4.17/99.3 and 4.23/98.2 (by HSQC). Reactions in CD~3~CN at −40 °C gave similar mixtures of adduct enamines when the spectra were registered at rt. Only in one experiment with a non-aromatic nitroalkene ([Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}, eq 3) were we able to detect a cyclobutane-derived intermediate (**27-cb**) at the probe temperature; it appeared 3 min after mixing but disappeared 15 min later at the same time as the typical signals of the adduct enamine **27-en′** grew (see [Figure S75](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)).

Calculations of Cycloadducts from Cyclopentanone {#sec2.11}
------------------------------------------------

Let us assume as a working hypothesis, by analogy with the aldehydes, that the initial Michael-type zwitterionic species (**zw**) are partially or fully converted into fused nitrocyclobutanes (fused **cb**) in the reactions just mentioned. Anyway, the energies of these hypothetical intermediates can be calculated, to evaluate their possible participation in the reaction mechanism(s). Species hardly detected or not detected by ^1^H NMR are depicted within brackets.

A summary of our calculations for representative achiral and chiral enamines of cyclopentanone is shown in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}. The reaction energies, to give the corresponding fused cyclobutanes, are between −30 and −25 kcal/mol, with the mean value between MP2/6-31G(d) and M06-2X/6-311+G(d,p) = −27 kcal/mol (very close to the CCSD value of −27.5 kcal/mol) and −Δ*G*° \< −6 kcal/mol. These values are quite similar to those of aldehydes. However, none of these fused cyclobutanes were detected by ^1^H NMR spectroscopy at rt. We suspected that the cause was not the rapid hydrolysis of the corresponding **zw**---the overall process would then be unusually rapid, which is absolutely not the case---but the easier conversion of **zw** (the "ionic partner") and **cb** (the "covalent partner") to the adduct enamines. In fact, attempts to locate in silico a minimum for **zw** (from suitable geometries) failed, as the structures collapsed to the fused **cb**, except when optimization was carried out in polar solvents and a large basis set. The lowest-energy **zw**-like and **cb** conformers ([Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}A) were then found to have similar free energies.

![Calculated reaction energies for the model reaction between the pyrrolidine--cyclopentanone enamine and (*E*)-1-nitropropene (A). Fused cyclobutanes that may be formed from the 2-*tert*-butylpyrrolidine--cyclopentanone enamine and (*E*)-1-nitropropene (B, left) or β-nitrostyrene (B, right). Comparison of cyclobutanes from cyclopentanone with those from propanal (C). Relative energies of isomers (in bold) are in kcal/mol, as always.](ao9b02074_0020){#fig20}

The detection of fused cyclobutanes (from ketones) may be more difficult than that of simple cyclobutanes (from aldehydes), since the ring strain is higher in the former, which inevitably contain one methylene group in an axial position and other methylenes over the cyclobutane ring; also, the entropy term should benefit the open-chain isomers. In the fused cyclobutanes shown in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}A, the C2 methylene of the bicyclo\[3.2.0\] system has a preference for the endo arrangement as it avoids steric clashes. Other examples, with larger or additional substituents, confirm this observation, although they are not depicted to save space. The NO~2~ group, which turned out to be perpendicular to the plane of the cyclobutane ring in the more stable conformers of the simple nitrocyclobutanes depicted in preceding sections, is skewed, due to the presence of the CH~2~ axially positioned at C1.

The analysis of the most plausible approaches between the ketone enamines and simple (*E*)-nitroalkenes clearly indicates that the case is more complicated than that for the aldehyde enamines examined so far. If we assume that bicyclo\[3.2.0\]heptanes may be formed, intermediates with the fused rings in trans were expected to be highly disfavored (and have not been calculated). The so-called alternative or HH sc approaches are also disfavored (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)).

Let us focus attention on the central part of [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"} ([Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}B). The calculations suggested that the main s-cis conformer of the starting enamine, from cyclopentanone and 2-(*S*)-*tert-*butylpyrrolidine, highlighted in yellow, had lower energy (or energies) than the s-trans conformer (i.e., than the lowest-energy form of the s-trans conformer). This is in sharp contrast with aldehyde enamines ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}), where the s-trans conformers largely predominated in the conformational equilibrium. It is, however, reasonable since the steric effects to be compared, considering the cyclopentenyl group, are one methylene group (CH~2~) vs the methine or methyne of a double bond (=CH group). This methine implies fewer or lower vdW repulsions (only one H atom) with the 2-CH^*t*^Bu group and slightly favorable π--CH~3~ interactions.

If the mechanism is similar to that elucidated for aldehydes, the s-*cis*-enamine will give rise to the bicyclo\[3.2.0\] derivative with the NO~2~ group on the left, as depicted in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}B (i.e., with the R configuration), whereas the s-*trans*-enamine will afford the derivative with the NO~2~ group on the right. The rule of thumb advanced in [Figures [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"} and [15](#fig15){ref-type="fig"} is maintained: if the double bond of the starting enamine is mainly on the right, in the figures in this work, the NO~2~ group of the nitrocyclobutane (or of the folded conformer of its ionic precursor, **zw**, in very polar solvents) appears predominantly on the left, when depicted as throughout this paper, and vice versa. Calculations indicate that the lowest-energy conformer of all of the bicyclic species for the reaction of the s-*cis*-enamine with 1-nitropropene (left) is that highlighted in green; also for the reaction with β-nitrostyrene (right), it is highlighted in green in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}B. Again, the most abundant initial enamine is transformed to a cyclobutane (or to its ionic equivalent, **zw**) that turns out to be the most stable. It may be assumed that the approach of reactants and the activation free energies are similar (although not identical).

The explanation for the calculated greater stability of the fused cyclobutanes with the NO~2~ group on the left is based on the new steric interactions generated by the presence of the additional ring, which introduces a chain at C1. Thus, the conformers in which the ^*t*^Bu group and/or the pyrrolidine methylenes are close to the cyclopentane ring are clearly destabilized. The less-affected conformer is highlighted in yellow and green in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}, where ^*t*^Bu is as far as possible from the fused system. This changes the order: the R configuration of the NO~2~ group is preferred, whereas the *S* configuration was favored in the case of cyclobutanes from aldehydes shown in [Figures [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"} and [15](#fig15){ref-type="fig"}. Moreover, the N lone pair is properly oriented for the interaction with the CH--CH--NO~2~ moiety. In other words, the issue, if cyclobutanes are wanted, is that such a conformer is prone to ring opening (the C--C bond between N and NO~2~ is longer).

We also studied computationally the adduct enamines, adduct iminium salts, and final nitroketones from the above-mentioned reaction of cyclopentanone, pyrrolidine, and β-nitrostyrene, as examples. The results are shown in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}A. The adduct enamines were more stable than their fused cyclobutane precursors (and consequently than their associated **zw**). The calculations predicted the ring opening affording the less substituted enamines to be quite favorable. The diastereoselectivity was envisaged to be higher than with simple aliphatic nitroalkenes (results not included for the sake of brevity), again as was observed experimentally. However, once the hydrolysis was accomplished, the lowest-energy syn and anti adducts were predicted to have practically identical energies. Epimerization may be feasible at such a stage. This could explain why the diastereoselectivity of nitro-Michael reactions with cyclopentanone is lower than that of parallel reactions with cyclohexanone (see below).

![Relative energies, within each set of isomers, of the lowest-energy conformers of plausible intermediates involved in the reaction of cyclopentanone--pyrrolidine enamine and β-nitrostyrene and of the final products (A). Relative stability of tri- vs tetrasubstituted enamine models (highlighted in yellow) and of the possible iminium ions, where the substituents on pyrrolidine and cyclopentene are represented by ^*t*^Bu groups (B).](ao9b02074_0021){#fig21}

Our next worry was to evaluate whether epimerization can occur during the intermediate steps or not. [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}B includes the protonation equilibria of an enamine model, from a chiral pyrrolidine with a ^*t*^Bu group and a substituted cyclopentanone, with another ^*t*^Bu group instead of the CH(Ph)CH~2~NO~2~ group. This decreased by a factor of 3*^n^* the number of conformations to be calculated. The lowest-energy enamine shown in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}B is a non-epimerized trisubstituted enamine, with both the ^*t*^Bu groups in the lower face. Our calculations also indicate that two iminium-like non-epimerized intermediates, especially those highlighted in yellow, would largely predominate. Fortunately, after hydrolysis, they would afford the same product. Epimerizations, if they actually occur, should take place toward the end of the processes, from the substituted cyclopentanones.

Calculations of Cycloadducts from Cyclohexanones {#sec2.12}
------------------------------------------------

In parallel, we studied the reactions of cyclohexanone, pyrrolidine(s) and (*E*)-1-nitropropene or β-nitrostyrene,^[@ref19]^ as examples ([Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}). They may pass through the corresponding **zw** (in very polar media) and through fused cyclobutane--cyclohexane rings (fused **cb**, [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}A), although, as we mentioned in a preceding section, we were unable to detect these plausible intermediates under standard conditions. If this hypothesis becomes inconsistent in the light of the MO calculations, it will be rejected. We were able to locate such a **zw** only when polar solvents were included in the calculations; otherwise, **zw** collapsed to the fused **cb**. For example, optimizations with the M06-2X/6-311+G(d,p)/CPCM method located the lowest-energy **zw** 3.6 kcal/mol above the corresponding **cb** in THF and only 0.7 kcal/mol in DMF; in water, the free energies of **zw** and **cb** were estimated to be similar.

![Calculated reaction energies for the formation of cyclobutanes from cyclohexanone (A). Relative energies, within each set, of the plausible intermediates of the reaction of cyclohexanone, pyrrolidine, and β-nitrostyrene (B); only the lowest-energy conformers are represented. Relative energies of models of enamines (with ^*t*^Bu groups) and of the corresponding iminium ions (C). Total energies are in au and, in bold numbers, relative energies are in kcal/mol.](ao9b02074_0022){#fig22}

These formal cycloadditions are again predicted to be very exothermic and exergonic or exoergic. However, there is a feature that did not appear in the fused cyclobutane--cyclopentane systems: the strong tendency of the cyclohexane ring to adopt chair conformations forces the pyrrolidine ring to acquire conformations that avoid the additional vdW repulsions. There is only one further *exo-*methylene, but it introduces significant steric hindrance. The fact is that the conformer with the pyrrolidine ring perpendicular to the bicyclic system---the one that is highly prone to ring opening---predominates more than in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}.

With chiral pyrrolidines, s-*trans*-enamine conformers should go to bicyclic systems with the CHNO~2~ carbon atom of configuration S, while s-*cis*-enamine conformers should go to (*R*)-CHNO~2~. Now, once again as in the cyclopentanone case, the (*R*)-CHNO~2~ isomer is the most stable bicyclic system. In other words, the bicyclic structures with the NO~2~ group on the left, in the drawings of this work, are always preferred (highlighted in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}A).

Therefore, there is a simple consistent explanation for "point (b)" mentioned in the [Introduction](#sec1){ref-type="other"}. Cyclopentanone and cyclohexanone, in the presence of chiral pyrrolidines, react with nitroalkenes to afford different "syn" adducts to those afforded by aldehydes due to the fact that the most stable of the two assumed all-trans fused bicyclic nitrocyclobutanes (or presumably of its open, ionic form, **zw**) has not the same configuration at C--NO~2~ than the most stable of the two simple nitrocyclobutanes. We have explained this in preceding paragraphs. That the fused cyclobutanes are less stable at rt, with respect to their zwitterions and enamines, than the simple nitrocyclobutanes is another story, although it is understandable on the basis of the additional steric repulsions that appear in the fused systems (see below).

For cyclohexanone, the relative stabilities of the intermediates arising from the ring opening and hydrolysis of the hypothetical but computationally plausible fused systems are included in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}B. We note that (1) both enamines, particularly that with the trisubstituted double bond, are more stable than the lowest-energy fused system (the steric strain of the fused systems is released during ring opening); (2) the pyrrolidine ring in the equilibrium geometry of the enamine with the tetrasubstituted double bond (a half-chair conformer with a short double bond between the two "substituents") is not coplanar with the cyclohexenyl moiety, in contrast to the cyclopentenyl case, a fact that can be related to the well-known concept of the inhibition of resonance (that is, any cyclohexenyl derivative exerts higher steric hindrance on the neighboring pyrrolidine group than its related cyclopentenyl derivative would); (3) the expected iminium ion (with its lowest-energy conformer showing the NO~2~ group closest to the iminium substructure) is more stable than its epimer; and (4) the syn adduct, particularly its conformer with an ap arrangement and an O--H distance at the C=O···HCHNO~2~ moiety that resembles that of a hydrogen bond, is more stable than any conformer of its epimerized adduct (anti). The respective gaps between the two rows (expected vs epimerizable/epimerized intermediates) are larger than in the cyclopentanone case. The features of the six-membered rings---equilibrium between two preferred chair conformations, ^1^C~4~ and ^4^C~1~, with substituents clearly axial or equatorial, as well as bond angles close to 120° in half-chair conformations of cyclohexenyl derivatives in comparison with bond angles close to 108° for cyclopentenyl analogues---are responsible of these gaps. Thus, epimerization during the intermediate steps of the process is predicted to be less probable than in the case of cyclopentanone, as happens in practice.

For a chiral pyrrolidine model with a second ^*t*^Bu group on the cyclohexenyl ring, shown in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}C, non-epimerized iminium ions were predicted, as in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}B, to be more stable than those epimerized.

Adduct Enamines from Cyclopentanone Are More Resistant to Hydrolysis Than Those from Cyclohexanone {#sec2.13}
--------------------------------------------------------------------------------------------------

The fact that completion of the nitro-Michael reactions of cyclopentanone requires larger amounts of catalyst than those of cyclohexanone ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) cannot be explained on the basis of a great stability of the nitrobicyclo\[3.2.0\] systems with regard to the nitrobicyclo\[4.2.0\] systems. Calculations indicate that the additional CH~2~ in the cyclohexane ring, which has a strong tendency to adopt the well-known chair conformation, causes further destabilizing vdW interactions with the pyrrolidine ring or with the substituents of the pyrrolidine ring. Thus, the \[4.2.0\] systems may be relatively less stable than the \[3.2.0\] systems. Nevertheless, we had experimentally observed that, at least above 5 °C, both bicyclic systems, if formed, open spontaneously to afford enamines, even in apolar solvents and in the absence of moisture. Therefore, the ring opening cannot be the rate-limiting step of the process, in either case.

As the 2-*tert*-butylcyclohexanone--pyrrolidine enamine was calculated to be relatively less stable than the 2-*tert*-butylcyclopentanone--pyrrolidine enamine, the respective hydrolyses might not be equally shifted to the right, independently of the intermediates involved. [Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"} shows the calculations. Both hydrolyses (eqs 1 and 2) are exothermic, as expected, but what matters is the difference between them; in other words, if the concentration of water in the organic layer is very low, which hydrolysis will be less affected. It is observed that eq 3, which is obtained by the subtraction of eq 2 from eq 1, is shifted to the left, that is, the hydrolysis of the enamine of the cyclohexenyl derivative is predicted to be around 2 kcal/mol, as a mean value, more favored than that of enamine of the cyclopentenyl derivative.

![Hydrolysis of enamines from pyrrolidine and 2-*tert*-butylcyclopentanone (eq 1) and from pyrrolidine and 2-*tert*-butylcyclohexanone (eq 2). Equilibrium 3 (eq 3 = eq 1 -- eq 2). Exchange of 2-*tert*-butylpyrrolidine between 2-^*t*^Bu-substituted cycloalkanones (eq 4). Exchange of 2-*tert*-butylpyrrolidine involving cycloalkanone−β-nitrostyrene adducts (eq 5). Exchange of the JH catalyst between cycloalkanone−β-nitrostyrene adducts (eq 6); the lowest-energy conformers are compared, with their relative energies (kcal/mol) indicated in bold.](ao9b02074_0023){#fig23}

The steric repulsion between the ^*t*^Bu group and pyrrolidine ring was higher when they were neighbors on the cyclohexene ring than on the cyclopentene. Actually, the C2N1C1′C6′ dihedral angle of the cyclohexene derivative was predicted to be larger than the C2N2C1′C5′ dihedral of the cyclopentene derivative. Thus, some steric inhibition of resonance occurs again, mainly in the cyclohexene case.

When the steric hindrance increased (eqs 4--6), the values of Δ*E* also increased. Conformers were located for each *N-*cyclopentenylpyrrolidine in which resonance between the N atom and the double bond is still possible. For the analogous *N*-cyclohexenylpirrolidines, the steric inhibition of resonance was comparatively higher. As known^[@ref1],[@ref3],[@ref5]^ and mentioned in preceding sections, with large substituents on C2 of the pyrrolidine ring, aminocatalytic reactions do not work in practice---starting enamines are hardly formed, but these imaginary cases can also be computationally investigated, as we have done in [Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"} (eq 6), to find a general explanation of the differences between cyclopentanone and cyclohexanone enamines.

For the isomer of the example shown in eq 4 with the tetrasubstituted double bond, the Δ*E* values were ≈1.5 kcal/mol higher; for the enamine from 2-tritylpyrrolidine with the tetrasubstituted double bond, the predicted Δ*E* values were ≈5 kcal/mol higher than those given in eq 4. These data are not included in [Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"} but indicate again that the larger and closer the substituents, the lower the stability of cyclohexanone enamines in relation to cyclopentanone enamines.

To summarize, in the same way as the equilibrium constants for the formation of the initial enamines are very disparate,^[@ref5]^ the hydrolysis of the final enamines to afford the final adducts with release of the secondary amine may have quite different equilibrium constants. If the water concentration in the organic solution is low, some of these hydrolyses may not be completely shifted to the right.

The last paragraphs and figures explain the anomalous fact indicated as "point (f)" ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) in the [Introduction](#sec1){ref-type="other"}. Since the hydrolysis of the final cyclopentanone enamines is not shifted so far to the right as that of the final cyclohexanone enamines, the overall nitro-Michael reaction will hardly proceed with really catalytic amounts of chiral pyrrolidines in the first case since these (the catalysts) are less easily released.

The corollary is that, before ruling out disappointing aminocatalytic trials as unfeasible, they should be attempted with substoichiometric amounts of the chiral secondary amine and a little water or, if economically possible, with stoichiometric amounts of the chiral amines, in solvents, mixtures of solvents, or media that do not exclude water from the organic phase.

Conclusions {#sec3}
===========

When enamines from simple aldehydes and pyrrolidine or chiral pyrrolidines were treated with nitroalkenes and the reactions were followed by ^1^H NMR spectroscopy, all*-trans*-cyclobutanes **cb** were the major compounds in many organic solvents. Different computational methods predicted that these **cb** are the most stable isomers. The initial Michael-type zwitterionic intermediates with the ionic groups close together (**zw**, [Figures [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"}) were not detected by NMR and were even difficult to locate in silico, except in polar solvents, due to their tendency to collapse to **cb**. Each **zw** may be viewed as the ionic form of a tautomer with a C1--C4 covalent bond (**cb**).

Calculations indicated how the s-trans conformers of the starting chiral enamines predominated in the equilibria and that their corresponding **cb** ([Figures [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}--[16](#fig16){ref-type="fig"}) were also thermodynamically favored. The first barriers, calculated for model compounds, were very small and similar for the different enamine conformers.

We have confirmed that cyclobutanes **cb** (if not 2,2-disubstituted) are slowly converted into adduct enamines, with a reaction rate depending on the temperature, substituents, and solvent polarity. The relative energies of these species have been calculated ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, [17](#fig17){ref-type="fig"}, and [18](#fig18){ref-type="fig"}).

All of the species mentioned \[**zw**, **cb**, and (*E*)-**en**\] can be hydrolyzed to the final adducts. As shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}, part of the **zw**-like intermediates can directly react with H~2~O or with H~2~O/HA; however, if this route was predominant, as the chiral pyrrolidine would be immediately released, almost all of the aminocatalytic reactions of aldehydes would be very quick, which is absolutely not the case. Cyclobutanes (**cb**), which are in equilibrium with **zw**, can be hydrolyzed via such a route or through the adduct enamines \[(*E*)-**en**\]. These adduct enamines should be hydrolyzed via the corresponding iminium ions, by general acid catalysis. This is the point where the stereoselectivity may be lost. However, the calculations predicted that, for pyrrolidine-derived enamines, iminium ions folded as the cyclic structures of the precursors, here called **im**^**+**^, with favorable electrostatic interactions between the polar groups and with H1, H2, and H3 in ap arrangements, were the lowest-energy cations. For the chiral enamines of the adducts, the protonation turned out also to be stereoselective ([Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}B). Thus, the acid-catalyzed hydrolysis of any adduct enamine can go through non-epimerized cations. In other words, it does not matter if a percentage of **zw** (possible) and of **cb** (demonstrated) is converted into (*E*)-**en**, as the enamine--iminium protonation/deprotonation equilibrium is very stereoselective.

Cyclopentanone and cyclohexanone pose different problems. As a working hypothesis, we assumed that the fused cyclobutanes derived from the starting enamines were also formed as intermediates, although at rt we had only detected one transient species. Again, the corresponding zwitterions (**zw**, the initial adducts, undetectable) may cyclize to fused **cb** (their covalent tautomers). The hypothesis is supported by calculations. **Zw** may also afford the corresponding adduct enamines (*E*)-**en** by prototropy. The predominant intermediates detected by NMR were the adduct enamines with a trisubstituted double bond, in agreement with the calculations. Again, all of these intermediates---**zw**, fused **cb**, and (*E*)-**en**---are eventually converted into the final ketones. Actually, our calculations predict that fused cyclobutanes can be formed but the ring opening is more favored than in cyclobutanes from aldehyde enamines, due to the mutual steric hindrance of the fused rings. From the point of view of stereoselectivity, this is an advantage if the very major adduct enamine is the least substituted isomer, but also if some of the more substituted adduct enamine is also formed but its protonation and hydrolysis occur stereoselectively. This may be the case of cyclohexanone, since we have calculated that there is always one preferred iminium ion. It seems that, for this reason as well, cyclohexanone has turned out to be the substrate of choice for the comparison of the performance of a series of catalysts.

The main problematic points are graphically summarized in [Figure [24](#fig24){ref-type="fig"}](#fig24){ref-type="fig"}. A moderate reactivity of aldehydes, which with catalysts other than proline is due to a lack of turnover, is explained by the well-known stability of some **cb** (which we have calculated for the first time) and by the resistance to hydrolysis of the resulting enamines. For many ketones, the lack of reactivity is explained by the low concentration of starting enamines, as well as by the relative resistance to hydrolysis of some final enamines (as calculated here).

![Graphical summary from the starting enamines. Preferred stereoisomers of nitrocyclobutanes and relative stability of the main conformers of 4-nitrobutanals (left column) and 2-(2-nitroethyl)cycloalkanones (right).](ao9b02074_0024){#fig24}

Therefore, for those nitro-Michael reactions that go mainly through cyclobutanes, the rate-limiting step may be the ring opening of these nitrocyclobutylpyrrolidines and/or the hydrolysis of the resulting enamines (depending on the substituents; see [Figures [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} and [S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf) for the relative energies of these intermediates). That the preference of cyclobutane substituents for the trans arrangement controls the stereoselectivity is not incompatible with the existence of subsequent equilibrium steps, more or less shifted to the right, more or less slow. The different points of view are thus reconciled.

[Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"} summarizes our calculations (see Δ*G*° for the different steps). All of the steps are equilibrium reactions, but the cycloaddition is the most shifted to the right. For cases with large substituents and the JH catalyst, the relative stability of nitrocyclobutanes with respect to the precursors may not be so high, but such a step is still exoergic or exergonic.

![Updated version of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} in the light of the new experiments and calculations, for the reaction of aldehydes with nitroalkenes. The Δ*G*° values, from **cb** to **en** and from **en** to nitrobutanal, are those predicted for the case of pyrrolidine, simple aliphatic aldehydes, and β-nitrostyrene by the M06-2X/6-311+G(d,p) method.](ao9b02074_0025){#fig25}

A similar but not identical catalytic cycle could be depicted for cyclic ketones (not included). The changes or modifications should be that (1) the s-cis conformers of the starting ketone enamines are not only the productive species, but also, as the calculations predict, the most abundant in the equilibria and give rise to the most stable intermediates and final adducts; (2) the calculations explain why the configurations of the two newly created stereocenters of the consecutive intermediates and final nitro-Michael adducts are the opposite to those from aldehydes and/or how much is the gap between the two series of intermediates; (3) the suspected or hypothetical fused cyclobutanes or their ionic forms (**zw**), which are more crowded than the cyclobutanes arising from aldehydes, are not resting states, as we have demonstrated in one case and calculated in many others that they easily isomerize to the adduct enamines; (4) consequently, the difficult formation of the starting enamines of crowded catalysts (with release of water), or the hydrolysis by general acid catalysis of the final enamines of less crowded catalysts (which requires the released water), can be the rate-limiting step of the process.

In short, the computational results reported here are in accordance with the experimental data and self-consistent. They can help to explain further possible bizarre results other than cases (a)--(f) and to choose appropriate catalysts and conditions when novel aminocatalyzed reactions of carbonyl compounds with activated alkenes are envisaged.

Experimental Section and Methods {#sec4}
================================

Detection of Reaction Intermediates by NMR Spectroscopy {#sec4.1}
-------------------------------------------------------

The starting enamines (0.06--0.10 mmol) were prepared in a vial under Ar from approximately equivalent amounts (unless otherwise indicated) of the carbonyl compound and pyrrolidine or pyrrolidine derivative in the deuterated solvent (0.7 mL), in the presence of powdered 3 Å MS and, except for the experiments with proline, of CaH~2~ powder (ca. 75 mg). When no more bubbles were observed (when CaH~2~ was used), the content was filtered and transferred to an NMR tube. The spectra indicated an almost complete formation of the desired initial enamine (with aldehydes) and residual amounts of reactants. After cooling the tube to 5 °C, the nitroalkene (1.0 equiv) was slowly added and the reaction was monitored by ^1^H NMR spectroscopy at the probe temperature (ca. 25 °C). Some attempts of purification or isolation in a pure condition of the following nitrocyclobutane intermediates were unsuccessful as they were progressively converted into enamines at rt and these enamines were gradually hydrolyzed on silica gel. The main NMR parameters are given below \[δ values in parts per million (ppm), coupling constants in hertz, and multiplicities as usual\]. For the full ^1^H and ^13^C{^1^H} NMR spectra, as well as for COSY, NOESY, and HSQC experiments, see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf).

**1-cb**: ^1^H NMR (400 MHz, C~6~D~6~) δ 7.1--6.9 (m, 5H), 4.74 (dd, *J* = 9.0, 7.6, 1H), 3.20 (t, *J* = 9.0, 1H), 3.01 (t, *J* = 7.6, 1H), 2.36 (m, 2H), 2.26 (m, 2H), 1.90 (m, 1H), 1.48 (br s, 4H), 0.93 (d, *J* = 6.6, 3H).

**2-cb**: ^1^H NMR (400 MHz, C~6~D~6~) δ 7.1--6.9 (m, 5H), 4.74 (dd, *J* = 9.0, 7.1, 1H), 3.30 (t, *J* = 9.1, 1H), 3.20 (m, 1H), 2.40 (m, 2H), 2.30 (m, 2H), 1.95 (m, 1H), 1.48 (br s, 4H), 1.30 (m, 2H), 0.67 (t, *J* = 7.5, 3H); ^13^C NMR (100.6 MHz, C~6~D~6~) δ 129.0, 127.5, 127.3, 84.4, 66.9, 50.5, 46.4, 42.9, 27.5, 23.8, 11.4.

**3-cb**: ^1^H NMR (400 MHz, C~6~D~6~) δ 7.1--6.9 (m, 5H), 4.79 (triplet-like dd, *J* ≈ 8, 1H), 3.53 (triplet-like dd, *J* ≈ 8, 1H), 3.37 (t, *J* = 9.0, 1H), 2.47 (m, 2H), 2.36 (m, 2H), 1.93 (m, 1H), 1.55 (m, 1H), 1.48 (m, 4H), 0.81 (d, *J* = 6.7, 3H), 0.67 (d, *J* = 6.7, 3H); ^1^H NMR (400 MHz, DMSO-*d*~6~) δ 5.15 (dd, *J* = 8.4, 7.0, 1H), 3.63 (dd, *J* = 8.9, 7.0, 1H), 3.33 (d, *J* = 8.4, 7.3, 1H), 2.11 (m, 1H); ^13^C NMR (100.6 MHz, C~6~D~6~) δ 83.1, 65.2, 49.5, 44.8, 33.2, 23.9, 20.4, 20.0; HRMS (ESI+) calcd for C~17~H~25~N~2~O~2~^+^ \[M + H\]^+^ 289.1911, found 289.1914.

**4-cb**: ^1^H NMR (400 MHz, C~6~D~6~) δ 7.1--6.9 (m, 5H), 5.04 (dd, *J* = 9.7, 7.6, 1H), 3.45 (d, *J* = 9.7, 1H), 2.95 (d, *J* = 7.6, 1H), 2.25 (m, 4H), 1.46 (m, 4H), 1.02 (s, 3H), 0.59 (s, 3H); ^1^H NMR (400 MHz, DMSO-*d*~*6*~) δ 5.52 (dd, *J* = 9.8, 7.6, 1H), 3.52 (d, *J* = 9.8, 1H), 3.02 (d, *J* = 7.6, 1H); ^13^C NMR (100.6 MHz, C~6~D~6~) δ 135.9, 128.8, 127.3, 82.1, 71.5, 52.3, 51.2, 38.9, 23.5, 18.2.

**5-cb**: ^1^H NMR (400 MHz, DMSO-*d*~6~) δ 4.90 (dd, *J* = 7.6, 6.6, 1H), 3.44 (dd, *J* = 8.2, 6.6, 1H), 2.13 (m, 1H), 1.75 (m, 1H).

**6-cb**: ^1^H NMR (400 MHz, DMSO-*d*~6~) δ 4.71 (t, *J* = 8.0, 1H), 2.68 (d, *J* = 8.0, 1H), 1.84 (br t, *J* ≈ 8.0, 1H).

Proline-derived cyclobutanes **7-cb** + **8-cb** (a 55:45 mixture). Characteristic ^1^H NMR signals of **7-cb** (400 MHz, DMSO-*d*~6~) δ 5.27 (dd, *J* = 8.8, 7.5, 1H), 3.81 (dd, *J* = 9.0, 7.5, 1H), 3.67 (dd, *J* = 8.6, 5.7, 1H), 3.25 (br t, *J* ≈ 9.0, 1H), 2.07 (m, 1H). Characteristic ^1^H NMR signals of **8-cb** (400 MHz, DMSO-*d*~6~) δ 5.13 (dd, *J* = 8.4, 7.5, 1H), 3.76 (dd, *J* = 9.0, 7.5, 1H), 3.51 (dd, *J* = 9.1, 3.2, 1H), 3.20 (br t, *J* ≈ 9.0, 1H), 2.14 (m, 1H).

Methyl prolinate-derived cyclobutanes **9-cb** + **10-cb**. Major isomer: ^1^H NMR (400 MHz, C~6~D~6~) δ 4.76 (dd, *J* = 8.3, 7.4, 1H), 3.96 (dd, *J* = 9.0, 7.4, 1H), 3.66 (dd, *J* = 8.5, 5.2, 1H), 3.28 (dd, *J* = 9.0, 8.3, 1H), 1.93 (m, 1H). Minor isomer: δ 5.00 (dd, *J* = 8.4, 7.4, 1H), 3.77 (dd, *J* = 9.0, 7.4, 1H), 3.50 (dd, *J* = 8.1, 3.0, 1H), 3.19 (dd, *J* = 9.0, 8.4, 1H), 2.07 (m, 1H).

**11-cb**: ^1^H NMR (400 MHz, DMSO-*d*~6~) δ 5.30 (t, *J* = 8.0, 1H), 3.94 (t, *J* = 8.0, 1H), 3.21 (m, 3H), 2.05 (m, 2H). Some signals of a minor stereoisomer were detected (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)).

**12-cb**: ^1^H NMR (400 MHz, DMSO-*d*~6~) δ 5.71 (dd, *J* = 9.0, 8.0, 1H), 3.48 (overlapped, 1H), 3.30 (overlapped, 1H). Some signals of a minor stereoisomer were detected (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf)).

**13-cb**: ^1^H NMR (400 MHz, C~6~D~6~) δ 4.88 (dd, *J* = 8.2, 7.3, 1H), 4.23 (dd, *J* = 9.2, 7.3, 1H), 4.13 (m, 1H), 3.81 (dd, *J* = 9.8, 6.9, 1H), 3.62 (dd, *J* = 9.8, 5.4, 1H), 3.42 (t, *J* = 9.2, 1H), 3.28 (m, 1H), 2.93 (m, 1H), 2.70 (dd, *J* = 9.4, 5.1, 1H), 1.92 (m, 1H), 1.88 (m, 1H), 1.69 (m, 1H), 1.56 (m, 1H), 1.03 (d, *J* = 6.7, 3H), 0.69 (d, *J* = 6.7, 1H); ^13^C NMR (100.6 MHz, C~6~D~6~) δ 82.2, 71.3, 68.1, 65.9, 61.6, 56.8, 47.8, 44.7, 38.3, 34.3, 20.6, 18.6. Signals of the minor stereoisomer are observed, e.g., at δ 4.79 (dd, *J* = 8.4, 7.3 Hz, 1H). See the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf).

The smooth hydrolysis of these nitrocyclobutanes allowed us to correlate the configuration of each major stereoisomer with the known major product of the reactions carried out under catalytic conditions (the corresponding nitro-Michael reactions).

NMR spectra of **14-cb** and **15-cb** were coincident with those reported.^[@cit3d]^ Only one stereoisomer was detected in these cases (i.e., with the JH catalyst).

Enamine (*E*)-**1-en**: ^1^H NMR (400 MHz, C~6~D~6~) δ 7.10--6.90 (m, 5H), 5.82 (s, 1H), 4.31 (dd, *J* = 11.5, 9.8, 1H), 4.17 (dd, *J* = 11.5, 6.4, 1H), 3.99 (dd, *J* = 9.8, 6.4, 1H), 2.80 (m, 4H), 1.49 (s, 3H), 1.38 (m, 4H); ^13^C NMR (100.6 MHz, C~6~D~6~) δ 137.7, 128.7, 127.6, 127.1, 109.3, 78.0, 53.0, 51.0, 25.5, 13.3. NOESY indicated that the Me group and the olefinic proton are trans.

Enamine (*E*)-**2-en**: ^1^H NMR (400 MHz, C~6~D~6~) δ 7.10--6.90 (m, 5H), 5.73 (s, 1H), 4.16 (dd, *J* = 11.8, 7.2, 1H), 4.08 (m, 1H), 2.81 (m, 4H), 2.06 (dt, *J* = 14.9, 7.4, 4H), 1.82 (td, *J* = 14.9, 7.5, 1H), 1.40 (m, *J* = 7.5, 2H), 0.87 (t, *J* = 7.5, 3H); ^13^C NMR (100.6 MHz, C~6~D~6~) δ 136.2, 115.7, 78.8, 52.9, 51.1, 49.2, 25.5, 23.4, 14.1. NOESY indicated that the methylene of the Et group and the olefinic proton are trans.

Representative NMR spectra of reaction intermediates from cyclic ketones are included and commented in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf).

Computational Methods {#sec4.2}
---------------------

The Gaussian 16 package was used everywhere.^[@ref16]^ All of the stationary points were characterized as usual.^[@ref16]^ In previous works,^[@ref5],[@cit17a]^ we had noted that the order of stabilities between enamines was not always properly described by B3LYP calculations and that the minimum level of theory at which isomers were reliably compared was MP2/6-31G(d)//B3LYP/6-31G(d). Thus, we have used this relatively "low-cost" approach for the calculation of hundreds of chemical entities. We then recalculated the corresponding molecules at other levels of theory, mainly through full geometry optimizations with M06-2X/6-311+G(d,p), but also with single-point calculations from B3LYP geometries with MP2/6-311+G(d,p) (although it tends to overestimate the dispersion forces), ωB97X-D/6-311+G(d,p) (a functional including long-range dispersion corrections),^[@cit16c]^ M08-HX/6-311+G(d,p), MN15/6-311+G(d,p), CCSD(T)/6-31+G(d), and/or CCSD(T)/6-311+G(d,p). For large molecules, to save computing time, we compared the M06-2X/6-311+G(d,p)//ωB97X-D/6-31G(d) energies, which appeared to be very close to the M06-2X/6-311+G(d,p) values. The calculations of *G*° values were carried out with the scaling factor of 0.9804 for B3LYP/6-31G;^[@ref20]^ the correction (from *E* to *G*°) was added to the MP2/6-31G(d) energy to obtain an approximate *G*° value at this level. With the M06-2X/6-311+G(d,p) method, no correction was used (for the sake of simplicity).^[@cit20b]^ For the cases in which a huge number of conformations was possible, to ensure that no reasonable conformers were discarded, OPLS2005 (MacroModel)^[@cit21a]^ and MMFF^[@cit21b]^ were used in the initial searches; all of the relative minima up to 20 kcal/mol above the lowest minimum were afterward submitted to MP2/6-31G(d)//B3LYP/6-31G(d) calculations, as always. The calculations of the solvent effects, with the CPCM and/or SMD models,^[@cit16b]^ were also carried out with the Gaussian 16 suite of programs. When these disparate approaches led to similar results regarding the relative stability of isomers and conformers, the conclusions were deemed reliable.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.9b02074](http://pubs.acs.org/doi/abs/10.1021/acsomega.9b02074).Reaction energies predicted for a variety of EWG-activated alkenes that lead to cyclobutanes, approaches between the two reactants (with simple models), relative energies of the conformers of chiral enamines and all-*trans*-nitrocyclobutanes, effect of ^*t*^Bu groups on pyrrolidine/aldehyde/nitroalkene, alternative approaches of the reactants (cyclopentanone case), other plausible pathways for the ring opening of nitrocyclobutanes, conformational analysis of the nitro-Michael adducts (4-nitrobutanals), comparison of fused cyclobutanes from cyclopentanone with cyclobutanes from propanal, relative stability of iminium ions from cyclopentanone and cyclohexanone, acyclic ketones, general experimental methods, preparation of prolinol derivatives **B**--**I**, reactions of cyclohexanone with β-nitrostyrene, selection of NMR spectra ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02074/suppl_file/ao9b02074_si_001.pdf))
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